Alu elements might be preferentially avoided (Szak et al., 2002) .
Despite these advances, to date relatively few de novo L1 insertions have been structurally analyzed. This is an important deficiency, since studies on other transposons have shown integral involvement in various forms of genetic instability in their host organisms (Moore and Haber, 1996; Nevers and Saedler, 1977; Teng et al., 1996) . The link between transposable elements and instability could occur either as part of transposition per se or after the fact. Ongoing determination of a nearfinalized human genome sequence enables comprehensive analysis of target sites for new L1 integrants, e.g., relative to genes and other chromosomal features, both before and after the insertion event.
Here, we describe a system that facilitates recovery of progeny L1-neo integrants in human tissue culture cells. Most de novo insertions have primary target sequence specificity, and overall lengths and genomic contexts, consistent with primate-specific L1s reporter was modified so that it would be expressed only after retrotransposition: neo and its promoter and polyadenylation sequences are oriented antiparallel to L1 (i.e. neo is expressed from the minus strand; hence, ( Figure 1A ). Another L1 donor plasmid used in our study, pGC109, differs from pDES89 in the orientation of this mneo), and this cassette in turn was disrupted by an intron (I) in the sense orientation (designated mneoI).
Results

ORF2, in yellow arrows). L1 is marked by
ori and other sequences. New L1-mneo integrants could be recovered using For a marked integrant to confer G418 resistance on a host cell (making it G418 R ), the entire L1-mneoI construct restriction endonucleases (REs) chosen to release linearized fragments containing the integrant together with must be transcribed to allow intron removal by RNA splicing. After reverse transcription of the spliced RNA one or both genomic flanks. We used EcoRI, HindIII, and XmaI in separate experiments. Resulting fragments and integration of cDNA into a chromosomal target site, the mneo can be expressed. To date, only a small numwere then ligated under dilute conditions to form intramolecular circles and transformed into E. coli. Resulting ber of de novo integrants has been characterized using this system (Moran et al., 1996) . Tmp R plasmids were examined by a combination of RE digests to identify unique isolates. Multiple isolates of To study the consequences of L1 retrotransposition further, we modified pJM101/L1.3 so that many individthe same insertion were often recovered from the same pool, and the same insertions were often recovered usual marked L1 integrants together with flanking human genomic DNA could be cloned in bacteria for sequence ing different REs, suggesting that the pools were of relatively low complexity. analysis. The structure of one such modified donor plasmid, pDES89 ( Figure 1A) , differs from previously de-A screen for retrotransposed integrants used DNA sequencing to identify those isolates with poly(A) tails scribed L1-mneoI plasmids in that ori, the plasmid origin of replication, and dhfr, a gene conferring trimethoprim directed by the strong SV40 polyadenylation signal at the 3Ј end of the donor construct. A typical new integrant resistance (Tmp R ) in E. coli, have been added. We call these added sequences the bacterial selection cassette is shown in Figure 1B and includes a characteristic po- disparity between frequencies of full-length de novo and ends and accumulated almost exclusively since the time Ta L1s could reflect a technical limitation of our recovery of the primate radiation. On average, these elements system: long DNA fragments are substantially more diffishare ‫%67ف‬ Ϯ 9% sequence identity with L1.3; of these, cult to recover, due to biases imposed by intramolecular over 16,000 ‫)%32ف(‬ have evaluable TSDs. This latter ligation (Revie et al., 1988 ) and bacterial transformation subset has 88% Ϯ 7% nucleotide identity with L1.3 (Hanahan, 1983), both of which favor shorter recovered and includes 845 L1Hs-Ta elements specific to humans.
molecules. Both the 3Ј intact L1s and the L1Hs-Ta elements form
Comparison of other features of de novo versus extant a basis for comparison with our de novo integrants.
L1s shows significant differences. First, as shown in To analyze L1 target site specificity, we aligned pri- Figure 2C and Table 1 , the poly(A) tails of our de novo mary genomic sequences of unoccupied de novo target integrants are significantly longer and more frequent sites (plus strand) so that 10 nucleotides both to the left than those found flanking 3Ј intact or L1Hs-Ta elements in the genome (mean length 88 Ϯ 27 A's versus mean and right of the putative L1 EN minus strand nick site that commonly occur in the genome (Szak et al., 2002) , despite the fact that our screen for tails by DNA seMoreover, de novo poly(A) tails are exclusively homopolymeric runs of As. We identified no cases of "patquencing was not predicated upon any particular poly(A) pattern. This result could be attributed to the strong terned" tails such as arrays of the tetranucleotide TAAA 
2001). 2001). It is possible that poly(A) tail length decreases with time in evolution due to "slippage" during replica-
Two new integrants hit ␣-satellite DNA (Table 2) (Table 2) . Relatively fewer existing L1s are found within predicted genes, although inrants. As shown in Table 1 , for many parameters the tissue culture recovery system generated integrants creased sensitivity for predicted genes afforded by our manual analysis of de novo integrant neighborhoods with structures very comparable to preexisting L1s. However, the de novo integrants include short target might explain this difference. site deletions ( Figure 2D, inset Unfortunately, despite extensive PCR assays designed to detect a clean reciprocal inversion, the second inverChromosomal Deletions and an Inversion A relatively frequent category of instability involves the sion breakpoint could not be identified (data not shown). 5 Transduction formation of target site deletions ranging from 1 bp (Figure 2D) to Ͼ11 kb (Figures 3A-3C) Table S1 available at above website.) tides," as in some cases these may have been templated novo integrants, and in a second calculation, the nucleotide frequencies centered on each ambiguous boundary by another sequence. These insertions range in length from a single nucleotide to Ͼ100 bp long. In one intri-(20 nt window; data not shown). The observed number of matching, overlapping nt is shown in Figure 4A ; the guing integrant, three extra nucleotides flank the 5Ј junction between the new L1 and the genomic target. Upon distribution of microhomology lengths is significantly skewed to values longer than those expected by chance close inspection, these same three untemplated bases are adjacent to six contiguous bases, all shared between (chi square test, p Ͻ 0.001). These results indicate that there is a significantly higher degree of complementarity the target sequence and ‫001ف‬ bp upstream in the donor L1 sequence. This raises the possibility that the RNA between the right boundary of TSDs and the L1 cDNA template than expected by chance. template may be scanned for regions of microhomology with the target site as the template for RT. In this case,
We also counted the number of overlapping nucleotides when these strict rules were liberalized, i.e., including L1 template switching or skipping by RT (e.g., from L1 RNA to flanking DNA) could result in templating of the putaintegrants with target site deletions and inversions ( Figure  4A , "observed max") and considering sequences adjacent tively untemplated three nucleotides.
Inversions to these junctions (as TSDs in such cases are undefined).
These results provide more evidence for frequent (albeit Another category of genetic instability observed is the well-known inversion of 5Ј segments of L1 elements not ubiquitous) microhomology between the target site and the L1 template ( Figure 4A ). (Table 3) recovery system faithfully mimics L1 elements already present. However, it has also yielded new insights into the consequences of retrotransposition, both to the L1 Microhomology between L1 RNA and the 3 End of the TSD element and to the target chromosome. These consequences are not merely posttranspositional; they also In analyzing junctions between genomic TSDs and L1 sequences, we noted numerous cases of microhomolappear to include a wide range of "collateral damage" directly related to retrotransposition itself. ogy that make precise assignment of the 5Ј boundary of the L1 integrant ambiguous. We calculated whether This analysis also provides an opportunity to examine preferred sites of L1 insertion; these reflect the composithese observed microhomologies were significantly different from what is expected by chance, using methods tion of the human genome remarkably well (Table 2) . It is estimated that Ͼ90% of the genome is present in outlined in an evaluation of viral/host junction sequences (Roth et al., 1985) . To simplify analysis, we the August, 2001 draft assembly, and indeed we could assign 93% of the new insertions to unique genomic initially considered only cases with TSDs; no events with target site deletions, inversions, or toggling were locations. The targets represented by this collection of insertions are a microcosm of the human genome overall included. Additionally, we did not count past any gaps or mismatches, despite several compelling cases in (Table 2) different parts of the same template RNA, thereby serving as antiparallel substrates in two TPRT reactions. The two antiparallel cDNAs are then joined, resulting in a 5Ј recovery system: the human reporter cassette need not be active for recovery (Figures 1 and 2) . Thus, our results inversion. This differs from the usual situation, without L1 inversion, where second-strand priming is expected suggest that the large blocks of constitutive heterochromatin in the human genome, while not highly preferred, to use the first cDNA strand as template. An explicit prediction of the twin-priming model is that the 3Ј end of nevertheless can be targets for new integration. the TSD (upper strand) anneals to internal homologous undergone mismatch repair in discrete patches differing sequences in the RNA, directly adjacent to the internal only in which strand was used as the template. Another inversion junction. Our set of de novo integrants with 5Ј possible explanation, that this unusual integrant arose L1 inversions provides an unbiased opportunity to test from multiple homologous recombination events within this model. As shown in Table 3 , all of the inversion this region, independent of integration per se, seems junctions share at least one nucleotide of overlap with extremely unlikely, due to the precision of integration the upper strand of TSD; one has 4 contiguous bases (there are only 2 nucleotides out of ‫0031ف‬ in this toggling at this flank and one 5 in a row. We also observed zone not accounted for by L1PA3 or L1.3). Interestingly, overlapping nucleotides at the internal junction of these an active hybrid mouse L1 has recently been described, inversions (Table 3) . Thus, these findings provide signifialthough its etiology is unknown (Saxton and Martin, cant additional support for the twin-priming model. 1998), and hybrid human L1 formation has also been We observed significant microhomology at the 3Ј end described by Gilbert et al. (2002 [this issue of Cell]). of the TSD and the corresponding position (i.e., the segIn summary, the recovery system has provided many ment just beyond the last nucleotides copied as cDNA) new L1 integrants, which match preexisting L1s in the in L1s lacking an inversion. Put another way, the regions human genome in several important respects (Figure 2 , of micro-complementarity between the primer gener- Table 1 ). Unique to the de novo integrants, however, is ated by the second EN cut site and the cDNA strand the opportunity to analyze target sites before and after template are more frequent than expected by chance, integration, and to analyze integrants' structures themeven after adjusting for base composition ( Figure 4A) . selves after only a few weeks propagation in tissue culGeneralizing from proposed mechanisms of L1 retroture, rather than millions of years of human evolution. transposition, including TPRT and twin priming, there These findings show that L1 can contribute directly to are multiple possible interpretations of this microhomolgenetic instability in human cells through previously unogy ( Figure 4A ). The TPRT model suggests that the described mechanisms. We are obliged to describe the 3Ј-OH formed by L1 EN at the first nick site (consensus link between L1 retrotransposition and the various ob-3Ј AA ∧ TTTT 5Ј) is elongated by L1 RT, using the L1 served forms of instability as an "association" rather RNA poly(A) tail as template ( Figure 4B, top) . The RNA than propose causality, since other precedent causes probably interacts with the nicked DNA at this site, via of genetic instability (e.g., DNA damage, nicking) could its poly(A) tail forming a short RNA:DNA hybrid (however, lead to increased substrates for L1 retrotransposons in there is no direct evidence for this). We propose that a DNA repair capacity. Such processes could lead to the second nick (which has far less specificity than the increased recovery of genomic rearrangements, with L1 first, Figure 2A ) can similarly find a region of complemenliterally right in the middle, but with L1 retrotransposition tarity on the cDNA at which plus strand synthesis can not causing such rearrangements per se. be primed (Figure 4B, bottom) . Clearly this is not obligatory, as such complementarity is not always observed
